The heart is one of the organs most vulnerable to sepsis. This review describes the general characteristics of sepsis-induced cardiomyopathy and the main pathogenesis of myocardial dysfunction in sepsis. Levosimendan is a novel drug for treatment of sepsis-induced myocardial dysfunction. This review also elaborates on the pathogenesis of levosimendan, including the mechanisms of its anti-inflammatory effects, improvement of myocardial ischaemia, increased synthesis of nitric oxide, vascular endothelial cell protection, increased myocardial contractility, improved diastolic function, and inhibition of hypoxia-inducible factor-1a expression. Many clinical studies have proven that levosimendan effectively prevents myocardial dysfunction in sepsis. In addition to the widespread use of levosimendan in patients with heart failure, the role of levosimendan in the treatment of patients with sepsis-induced cardiomyopathy will be increasingly studied and applied in the future.
Introduction
Sepsis is an uncontrolled inflammatory response that is common among patients in the intensive care unit. 1 One British study showed that among patients with severe sepsis, 3.7 million people die in hospital each year. 2 Mortality in patients with sepsis has not decreased in many countries. [3] [4] [5] Sepsis is complicated by acute organ dysfunction, which is the main cause of death in patients with sepsis. 6, 7 One of the main causes of death in patients with myocardial dysfunction is sepsis; 8 thus, the effective treatment of myocardial dysfunction in patients with sepsis is a hot topic. Levosimendan is a new inotropic and vasodilator agent that has been widely used in patients with acute heart failure and has provided great benefit for clinicians in the treatment of acute heart failure. 9, 10 In recent years, clinical studies have resulted in new progress in levosimendan treatment. With increased research and evidence of its clinical effectiveness, the use of levosimendan in the treatment of patients with heart damage and sepsis is a new trend. 11, 12 Thus, the present review mainly explores the treatment of patients with sepsis-associated heart damage with levosimendan and related research progress.
Presentation of sepsis-induced cardiomyopathy
Organ dysfunction is a well-known presentation during sepsis and septic shock. The heart shows different changes following sepsis based on the duration and severity of the septic event. In the early phase of sepsis, ultrasonic examination reveals a left ventricular ejection fraction (LVEF) of >55%, which may be caused by increased myocardial contractility due to adrenaline. Although the LVEF is high, the stroke volume is concurrently low due to high vessel permeability, decreased vessel tension, and insufficient cardiac preload. Despite the compensated increase in heart rate, the stroke volume is typically insufficient to maintain adequate cardiac output as demonstrated with clinical indexes such as a high lactic acid level and decreased central vein blood saturation. During the development phase of sepsis, the LVEF and systolic and diastolic function of the heart gradually decrease; this is accompanied by low blood pressure, cardiac failure, and arrhythmia. Inflammatory factors directly damage the myocardial cells and affect myocardial mitochondrial function, cardiac adrenergic receptors, myocardial calcium ion transport, myocardial apoptosis, cardiac microcirculation, and other processes that result in cardiac dysfunction. This dysfunction is clinically observed as increases in myocardial enzyme and myocardial necrosis marker levels and changes in the electrocardiogram, including ST-T segment reduction, increased T-wave inversion, and other presentations. Additionally, haemodynamics may change. 13, 14 A uniform definition of sepsis-induced cardiomyopathy has not been established. The most commonly recognised definition is reversible myocardial dysfunction caused by sepsis, and the three main features are an LVEF of 0.50 as the diagnostic criterion, left ventricular dilatation, and a return to a normal clinical condition during the early stage of the disease. 15 At present, sepsis-induced cardiomyopathy is mainly treated with early anti-infective agents, fluid resuscitation, continuous blood purification treatment to remove interstitial oedema, improved myocardial tissue microcirculation, and positive inotropic drug therapy. Treating sepsisinduced cardiomyopathy is costly. The previously used positive inotropic drugs increased the myocardial calcium ion concentration and therefore increased myocardial oxygen consumption; they have thus had poor therapeutic effects on sepsisinduced cardiomyopathy. 16 Mechanisms of sepsis-induced cardiac dysfunction and mechanism of action of levosimendan in treatment of sepsis-induced cardiomyopathy Cardiac dysfunction occurs in patients with sepsis and may be characterised by systolic and diastolic dysfunction, a low LVEF, and ultrastructural changes of the myocardium. The main mechanisms of myocardial damage in patients with sepsis and treatment with levosimendan for sepsis-induced cardiomyopathy are as follows.
Myocardial ischaemia
The development of myocardial ischaemia is the early theoretical basis of myocardial dysfunction in sepsis. When sepsis developed in response to hypovolemic shock in a mouse model, the myocardial tissue was damaged and both the myocardial cell submicrostructure and early growth of cardiomyocyte mitochondria were altered. The structure gradually changed, including the vasculature, and the myofilaments gradually caused damage to the myocardial fibre structure. 15, 17 During severe sepsis, cardiac output is normal or increased, peripheral vascular resistance is decreased, and coronary artery blood flow is increased. Additional abnormalities may include increased lactic acid and free fatty acids, abnormal glucose utilisation, hypoxic coronary sinuses, and caecal ligation-and puncture-induced sepsis as seen in mouse models of high-power sepsis (i.e., high kinetic metabolism, increased cardiac output, decreased peripheral vascular resistance, and increased heart rate in the early stage of sepsis). The heart function of mice in such models is inhibited, and glycogen is present in the myocardial blood circulation with coronary artery calcium deposition.
In high-power sepsis, the coronary blood flow and myocardial metabolism change during the pathogenesis of sepsis-induced cardiomyopathy. With the development of sepsis, patients gradually transition to a "low-power period" characterised by decreased cardiac output and increased peripheral vascular resistance. During this period, levosimendan can induce peripheral vasodilatation and reduce the preload and postload of the heart by activating adenosine triphosphate (ATP)-sensitive potassium channels. Additionally, levosimendan can dilate the pulmonary arteries and decrease pulmonary artery pressure, thereby reducing the right ventricular postload, dilating the coronary arteries, and reducing the peripheral blood resistance during the "low-power period" of sepsis. Moreover, levosimendan reduces the plasma levels of soluble intercellular adhesion molecule-1 (sICAM-1) and soluble vascular cell adhesion molecule-1 (sVCAM-1) during this period. Therefore, levosimendan can protect against myocardial damage caused by myocardial ischaemia during sepsis. 18 In recent animal studies of myocardial ischaemia, levosimendan had an anti-ischaemic effect in isolated rat hearts after arterial ligation and continuous infusion of levosimendan. 19, 20 A dose-dependent increase in coronary flow was observed within 30 to 120 minutes of infusion, and the ischaemic area was reduced after 60 to 120 minutes of infusion. Therefore, levosimendan can improve myocardial ischaemia caused by sepsis.
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Myocardial depression factor
Bacterial toxins stimulate mononuclear macrophages, lymphocytes, and other immune cells and induce an immune reaction. The macrophages secrete interleukin (IL)-1, tumour necrosis factor a (TNF-a), IL-6, and IL-8 during pathogen phagocytosis when the bacteria invade the body. These factors directly or indirectly cause myocardial damage. TNF-a and IL-1 decrease the calcium concentration in the sarcoplasmic reticulum of myocardial cells during systole and decrease the peak value of L-form calcium, causing myocardial dysfunction. Toll-like receptors are the portal proteins for inflammation signal transduction and play an important role in the immune response of patients with sepsis. Toll-like receptors stimulate TNF-a and IL-1 release by activating NF-jB to translocate into the cell nucleus, affecting calcium, which is important for myocardial contraction, and then damaging the myocardium. 21 Levosimendan plays an important role in inhibiting inflammatory cytokines and exerts an anti-inflammatory effect by decreasing the expression of IL-1b, IL-6, IL-8, TNF-a, ICAM-1, and E-selectin. Thus, levosimendan can block the direct or indirect myocardial damage caused by the above factors. In a series of small randomised trials in patients with acute decompensated heart failure, levosimendan reduced hypersensitive C-reactive protein and the levels of all of the abovementioned inflammatory cytokines, especially when administered at a conventional therapeutic dose as a single 24-hour intravenous infusion; additionally, the antiinflammatory effect lasted up to 30 days. 22 Therefore, levosimendan reduces the myocardial inhibitory factors involved in myocardial injury in sepsis and protects the heart. In patients with congestive heart failure, pharmacological treatment with levosimendan and placebo altered proinflammatory cytokines (TNF-a and IL-6) and anti-inflammatory cytokines (IL-10), and the relationships of these cytokines with haemodynamic parameters were studied. The results showed that levosimendan inhibits cardiomyocyte cytokine production and downregulates the TNF-a receptor superfamily and Fas/Fas ligand apoptotic signalling pathway. 23, 24 Mitochondria damage and nitric oxide
In sepsis, the respiratory function of myocardial mitochondria is disrupted and oxidative phosphorylation is damaged, leading to decreased ATP synthesis and increased reactive oxygen species (ROS) production. This damages the myocardial mitochondria by calcium overload, decreasing myocardial systolic function and damaging the myocardium. The produced ROS can change the protein, cell membrane, and DNA functional structures of myocardial cells and finally result in myocardial necrocytosis. In addition, the ROS produced in the mitochondria can alter cell signal transduction pathways, activate NF-jB via translocation to the cell nucleus from the cytoplasm by degrading IjBa, and regulate the release of the inflammatory marker TNF-a, thus decreasing the myocardial systolic function. 25 One study showed that nitric oxide (NO) plays an important role in sepsisinduced cardiomyopathy. 26 NO plays an important role in maintaining cardiovascular system stability and killing microorganisms. In sepsis, NO production reduces ions that disturb cardiomyocytes. Metabolism affects the respiratory function of the mitochondria, which affects myocardial contractile function. NO is produced by NO synthase (NOS). Inhibiting cytokines in the myocardium can be reversed by NOS blockers. 26 Levosimendan is modulated by the activation of extracellular signal-regulated kinase, Akt (a serine/threonine-specific protein kinase, also known as protein kinase B), and p38 mitogen-activated protein kinase and is increased by epithelial NOS expression to increase NO synthesis. This prevents sepsis-induced cardiomyopathy due to decreased NO synthesis, which leads to myocardial systolic dysfunction. Uberti et al. 27 found that levosimendan exerts its cardioprotective effect through mitochondrial K(ATP), a multi-protein mitochondrial ATP-sensitive potassium channel. Both inhibition of the mitochondrial K(ATP) channel and blocking of NOS attenuate the cardioprotection elicited by levosimendan. The mitochondrial K(ATP) channel and NO may be involved in such cardioprotection by interfering with mitochondrial function. Das and Sarkar 28 found that pharmacological preconditioning with levosimendan was mediated by inducible NOS and mitochondrial K(ATP) channel activation in an in vivo anaesthetised rabbit heart model. In their model of ischaemia-reperfusion in the hearts of adult male rabbits, pretreatment with specific preparations was used. The ischaemia-reperfusion injury of the rabbit model was protected through the activation of mitochondrial K(ATP) channels and NO in cardiomyocytes. 28 
Cell apoptosis
In sepsis, the Akt/glycogen synthase kinase3p (Akt/GSK3p) pathway will be affected or activated, increasing the BAX/Bcl-2 ratio (an apoptosis factor), caspase-3 release, and induction of platelet-derived growth factor (PDGF). Together, these changes damage vascular endothelial cells and lead to cardiomyocyte apoptosis. 29 Levosimendan has been studied as a treatment for right heart failure in clinical pulmonary hypertension. Levosimendan can reduce the increased wall thickness of the pulmonary vasculature. Hence, levosimendan significantly reduces the proliferation of pulmonary artery smooth muscle cells. In cell culture, levosimendan directly inhibits PDGF-induced proliferation of pulmonary artery smooth muscle cells, weakens vascular remodelling, and protects vascular endothelial cell function. 30 
Autophagy
Autophagy is an important process and mechanism of cell death. In recent years, the role of autophagy in the pathogenesis of myocardial injury has become a hot research topic. Myocardial ischaemiareperfusion injury and hypoxia can induce myocardial cell autophagy. In sepsisinduced cardiomyopathy, myocardial ischaemic-reperfusion injury and hypoxia are also important mechanisms of myocardial dysfunction. Long noncoding RNA (lncRNA) is an intracellular source of RNA molecules that regulates gene expression at multiple levels of epigenetic regulation, transcriptional regulation, and post-transcriptional regulation. Recent studies have shown that lncRNA plays an important role in myocardial cell hypertrophy, fibrosis, and myocardial ischaemiareperfusion injury. 31 Hypoxia-inducible factor-1a (HIF-1a) is a key molecule responsible for the biological response of cells to the level of oxygen. HIF-1a is a DNA-binding protein that is induced by hypoxia. In many human tissues, ischaemia and hypoxia can induce HIF-1a expression. In the pathogenesis of sepsis-induced cardiomyopathy, HIF-1a can induce autophagy and programmed cell death of cardiomyocytes. HIF-1a is an lncRNA that is located on human chromosome 29 and is effective against smooth muscle cell apoptosis. Cell proliferation and apoptosis have regulatory roles. Ischaemia-reperfusion myocardial injury and hypoxia models have shown that the expression of autophagy-related protein Beclin-1 may be increased in cardiomyocytes and that the level of HIF-1a in cardiomyocytes may be inhibited, decreasing the expression of autophagy-related protein Beclin-1 and reducing the level of autophagy in cardiomyocytes. Mitochondrial autophagy may be an important mechanism of mitochondrial dysfunction in sepsis-induced cardiomyocyte injury. 32, 33 In a study of the effect of levosimendan on HIF-1a activation, Li Yongwang found that the HIF-1a activation level in the observation group improved more significantly than that in the control group, indicating that levosimendan can significantly inhibit HIF-1a activation. 34 Jun et al. 35 performed a study of the effect of levosimendan combined with dobutamine on N-terminal prohormone of brain natriuretic peptide (NT-proBNP) and HIF-1a in patients with obstinate heart failure. The authors found that levosimendan improved heart failure and decreased the role of NT-proBNP compared with the conventional cardiac drug dobutamine, and HIF-1a levels in vivo were even more pronounced in response to levosimendan. 35, 36 Effects of levosimendan on the heart
To summarise the pathogenesis of sepsisinduced cardiomyopathy and the molecular biological mechanism of levosimendan on cardiac function, the main effects of levosimendan on cardiac function in sepsis are described as follows.
Increased myocardial contractility
Levosimendan increases cardiomyocyte calcium sensitivity by altering the configuration of troponin C. This alteration increases cardiac myocyte contractility without increasing the intracellular calcium concentration, and it does not evoke significant changes in oxygen requirements. Clinical experimental studies have shown that in patients with heart failure, intravenous levosimendan increases cardiac output and the cardiac index and decreases the ventricular filling pressure, pulmonary vascular resistance, and systemic vascular resistance. 37 Levosimendan is a new calcium sensitiser that enhances myocardial contractility without increasing the intracellular calcium load or intracellular cyclic adenosine monophosphate level; at the therapeutic dose, levosimendan does not cause ventricular arrhythmias and improves myocardial injury in sepsis due to mitochondrial damage, apoptosisinducing factor, calcium overload, and other factors, leading to decreased myocardial contractility. 38 Adanir et al. 39 found that after the application of levosimendan, the clinical symptoms of patients with acute heart failure due to septic shock disappeared. Cunha-Goncalves 40 investigated the effects of levosimendan on clinically relevant plasma concentrations during the first 6 h of endotoxaemia in a model of experimental sepsis. In the levosimendan treatment group, cardiac output and the LVEF increased, and right ventriculovascular coupling and mechanical efficiency tended to improve. This study showed that early treatment with levosimendan during resuscitated sepsis can increase cardiac output and improve right ventricular contractility at a low energy cost. Rinc on et al. 41 conducted a study in which levosimendan was used in patients with septic shock with myocardial dysfunction. The study showed that levosimendan significantly improved the LVEF; significantly improved the pH, lactate, and base excess; and decreased the systemic vascular resistance without affecting the mean arterial pressure or increasing the cardiac index, and all of these changes occurred without a significant decrease in the left and right atrial pressures. In this study of septic shock in patients with myocardial dysfunction, levosimendan was effective in reversing low cardiac output syndrome without increasing catecholamine requirements. 41 
Improvements in diastolic function
Levosimendan has improved cardiac diastolic function in studies of patients with cardiac dysfunction. However, animal studies have confirmed that levosimendan improves ventricular diastolic function by improving the diastolic velocity ratios, shortening diastole, and improving diastolic filling. Compared with the traditional positive inotropic drugs, levosimendan does not cause diastolic dysfunction due to calcium overload; it also improves diastolic speed and function. Levosimendan is advantageous for myocardial injury caused by diastolic dysfunction in sepsis. Branzi et al. 42 assessed the inodilator properties of levosimendan in patients with chronic heart failure and severe functional mitral regurgitation. The effective regurgitation area of the mitral valve was significantly reduced, and the displacement velocity of the mitral annulus of E/E' waves had a significantly weaker influence on Doppler and tissue Doppler. In addition, levosimendan can improve the contraction and diastolic function of the heart in patients with chronic heart failure. These changes are associated with acute modulation of neurohormonal and myocardial inhibitor control, as shown by the reduction in the BNP level and the haemodynamic improvement induced by the drug. 42, 43 Additionally, a significant correlation was shown between the effective regurgitant orifice area and indexes of diastolic dysfunction, and the subsequent reduction in the effective regurgitant orifice area was related to the degree of improvement in diastolic function. 42 Barraud et al. 44 found that levosimendan restores both systolic and diastolic cardiac performance in lipopolysaccharide-treated rabbits, and their research indicates that treatment with levosimendan as a calcium sensitiser improves both systolic and diastolic cardiac function in septic animals. In contrast, the cyclic adenosine monophosphate-dependent inotropes milrinone and dobutamine only improved systolic function. 44 
Effects on haemodynamics
To study the effect of levosimendan on circulatory function in patients with sepsisinduced cardiomyopathy, Morelli et al. 2 compared the effect of levosimendan injection and dobutamine injection on the microcirculatory blood flow in patients with septic shock. Their results showed that compared with dobutamine, levosimendan improved sublingual microcirculatory blood flow in patients with septic shock as reflected by changes in the microcirculatory flow indexes of small and medium vessels. Meng et al. 45 investigated the effect of levosimendan on biomarkers of myocardial injury and systemic haemodynamics in patients with septic shock. This study showed that compared with dobutamine, levosimendan reduces biomarkers of myocardial injury, improves systemic haemodynamics in patients with septic shock, and reduces the time on mechanical ventilation and the duration of the intensive care unit stay.
Effects on prognosis and outcome of patients
Zangrillo et al. 46 performed a meta-analysis of randomised trials of levosimendan and traditional positive inotropic drugs for sepsis and septic shock and found that levosimendan was associated with a significant reduction in mortality compared with standard inotropic therapy. However, a smallscale study by Vaitsis et al. 47 did not show that levosimendan could significantly reduce the mortality of patients with sepsis. Because these results may be related to many factors (e.g., basic diseases, infection control), they require large-scale clinical experimental studies for further verification. 46, 47 Based on the above studies, although the ability of levosimendan to reduce the mortality rate of patients with sepsis is controversial and further research is needed, the cardiac function and haemodynamic indexes of patients with sepsis can be significantly improved by levosimendan. Figure 1 illustrates the main molecular mechanism leading to the occurrence of sepsis-induced cardiomyopathy and the main mechanism of action of levosimendan in the treatment of sepsis-induced cardiomyopathy. First, sepsis decreases the production of NO in the body, which decreases calcium influx and myocardial contractile function. In contrast, levosimendan increases NO synthesis, which increases myocardial contractile function. In patients with sepsis, activation of the Akt/GSK3p pathway leads to an increase in ROS, which leads to myocardial cell mitochondrial damage and calcium overload; these changes then decrease myocardial diastolic function. However, this process increases the BAX/Bcl2 ratio and promotes increased PDGF, which causes systolic dysfunction. Within this molecular mechanism, levosimendan improves myocardial contractility by inhibiting PDGF production. Patients with sepsis who exhibit increased inflammatory factor TNF-a and IL-1 production exhibit a decrease in calcium influx, leading to systolic dysfunction in addition to direct damage to the myocardium by increasing IL-6 and IL-8 production; these changes result in systolic and diastolic dysfunction in patients with sepsis. However, levosimendan improves cardiac contraction and diastolic function in patients with sepsis by inhibiting the production of the above four inflammatory factors. Additionally, patients with sepsis develop myocardial cell ischaemia, hypoxia-damaged myocardial cells, and ischaemia-induced or hypoxia-induced HIF-1a expression in the myocardium. These changes increase the expression level of autophagy protein Beclin-1, leading to myocardial cell autophagy and myocardial necrosis, which cause diastolic dysfunction; levosimendan then activates ATP-sensitive potassium channels, which cause cardiac vasodilation and reduce plasma levels of sICAM-1 and sVCAM-1. This vasodilation increases coronary blood flow and improves myocardial ischaemia. In addition, levosimendan can significantly inhibit the activation of HIF-1a and the self-inhibition of cardiomyocytes. Depletion improves the diastolic function of the patient's heart.
Summary
Based on the above-described pathogenesis of sepsis-induced cardiomyopathy and levosimendan treatment, levosimendan is effective for the treatment of sepsis-induced cardiomyopathy. Small-scale research has shown that levosimendan can improve cardiac function and improve the prognosis of myocardial dysfunction in patients with sepsis. Thus, levosimendan can be used not only for the treatment of patients with acute and chronic heart failure and cardiac surgery but also in patients with sepsis-induced cardiomyopathy. Based on the current clinical studies, patients with sepsis-induced cardiomyopathy should undergo treatment with levosimendan as soon as possible.
A hot research topic in the pathogenesis of sepsis-induced cardiomyopathy is myocardial cell autophagy. Research on myocardial cell autophagy has shown that levosimendan can reduce myocardial ischaemia. The level of HIF-1a induced by perfusion and hypoxia induces the expression of the autophagy protein Beclin-1 in cardiomyocytes, but in the autophagy mechanism of myocardial cell mitochondria, levosimendan can reduce sepsisinduced cardiomyopathy. The expression of mitochondrial autophagy proteins LC3, PINK1, and parkin in patients with sepsisinduced cardiomyopathy has not yet been studied. Therefore, further research is required. In addition, ROS play an important role in the pathogenesis of sepsis-induced cardiomyopathy; whether levosimendan can inhibit ROS production and the mechanism by which it inhibits ROS production also require further study.
